Pseudomonas aeruginosa is a ubiquitous environmental bacterium and an opportunistic pathogen with the ability to rapidly develop multidrug resistance under selective pressure. Previous work demonstrated that upon exposure to the environmental contaminant pentachlorophenol (PCP), P. aeruginosa PAO1 increases expression of multiple multidrug efflux pumps, including the MexAB-OprM pump. The current study describes increases in the antibiotic resistance of PAO1 upon exposure to PCP and other chlorinated organics, including triclosan. Only exposure to chlorinated phenols induced the mexAB-oprM-mediated antibiotic-resistant phenotype. Thus, chlorinated phenols have the potential to contribute to transient phenotypic increases of antibiotic resistance that are relevant when both compounds are present in the environment.
INTRODUCTION
Pseudomonas aeruginosa has a wide metabolic range, giving the bacterium an inherent ability to colonize many different natural and anthropogenic environments, from soils and sediments to swimming pool biofilms and hospital settings. Pseudomonas aeruginosa is also an opportunistic pathogen with the ability to develop resistance to multiple antibiotics. As an antibioticresistant pathogen, it is so prevalent that the Centers for Disease Control and Prevention (CDC) consider it a 'serious' threat (CDC 2013) . Studies examining the diversity of P. aeruginosa isolates have found that clinical strains are distributed throughout the environment (Pirnay et al. 2002 (Pirnay et al. , 2005 , and that there are no functional and genetic differences between clinical and nonclinical isolates (Römling et al. 1994; Alonso, Rojo and Martinez 1999) . Therefore, it is important to understand how P. aeruginosa is able to develop and maintain even transient antibiotic resistance in environmental reservoirs.
Antibiotic resistance in bacteria can occur by a variety of mechanisms. Resistance-nodulation-cell-division (RND) efflux pumps are the most prevalent multidrug resistance (MDR) conferring pumps in Gram-negative bacteria. They have roles in fundamental physiological processes (Piddock 2006; Martinez et al. 2009 ), but are responsible for antibiotic resistance in clinical isolates of various species of bacteria (Poole 2004) . Pseudomonas aeruginosa has multiple characterized RND efflux pumps that each recognizes various compounds. The MexAB-OprM RND efflux pump alone recognizes and effluxes multiple classes of antibiotics and toxic chemical solvents (Kumar and Schweizer 2005; Poole 2004 ). The presence of solvents such as p-xylene and hexane selects for mexR mutants in P. aeruginosa associated with increased expression of MexAB-OprM and thereby increased antibiotic resistance (Li, Zhang and Poole 1998) . While pentachlorophenol (PCP) exposure does not select for mexR mutants, P. aeruginosa upregulates multiple genes coding for efflux pumps, including MexAB-OprM, in the presence of PCP (Muller et al. 2007; Ghosh et al. 2011) . PCP and triclosan binding to NalC, one of the regulators of MexAB-OprM expression, has been shown to be responsible for the enhanced expression of MexAB-OprM (Ghosh et al. 2011 ).
Induction of a major efflux pump may provide P. aeruginosa with a selective advantage in environments such as contaminated soils, sediments and freshwater environments. Pseudomonas aeruginosa also readily colonizes improperly maintained swimming pools with lower chlorine levels (Seyfried and Fraser 1980) and health care facility environments, such as disinfectant-soap dispensers, containing low levels of chlorinated organics (Lanini et al. 2011) . Examples of other environments with chlorinated organics are potable water, prosthetic devices and disinfectant solutions (Hanna et al. 1991; Weber, Rutala and Sickbert-Bennett 2007; Ge et al. 2008) . It was therefore hypothesized that chlorinated organic contaminants increase antibiotic resistance of P. aeruginosa indirectly and transiently by upregulating MexAB-OprM. To test this, the effect of chlorinated phenols that may be present in potable water (pentachlorophenol (PCP), 2,4,6-triclorophenol (TCP) and 2,4-dichlorophenol (DCP)) (Ge et al. 2008) , chlorinated hospital disinfectants (triclosan, chloroxylenol and ortho-benzyl-para-chlorophenol) (Rutala and Weber 2008) and chlorinated pesticides (paraquat, 2,4-dichlorphenoxy acetic acid (2,4-D) and chlordane) on the antibiotic resistance and growth characteristics of wild-type P. aeruginosa PAO1 was directly examined in this study.
EXPERIMENTAL MATERIALS AND METHODS

Bacterial strains and growth conditions
Wild-type (PAO1) and MexAB-OprM-deficient mutant (PAO200) P. aeruginosa strains were obtained from the lab of Schweizer (1998) . Prior to every experiment, cells were reconstituted from frozen stock onto Luria-Burtani (LB, Lennox formulation) agar plates (Fisher Scientific, Atlanta, GA) and grown at 37
• C. Individual colonies were selected and grown in LB broth or Mueller Hinton broth.
Chemicals
Chlorinated organics were chosen based on their environmental significance, their use as disinfectants and their varied chemical properties. 2,4-DCP, 2,4,6-TCP, PCP and triclosan were chosen as they are chlorophenols that induce expression of MexABOprM (Ghosh et al. 2011) . Chloroxylenol and ortho-benzyl-parachlorophenol are both chlorophenols and are used in handsoaps and hospital disinfectants. Environmentally important chlorinated compounds that are not chlorophenols were also evaluated: paraquat (a non-phenolic chlorinated bipyridinium herbicide), the herbicide 2,4-D and the insecticide chlordane (octachloro-4,7-methanohydroindane). All chemicals used for media preparation and chemical contaminants were laboratory grade or higher (Fisher Scientific, Atlanta, GA or Sigma Aldrich, St. Louis, MO). PCP was solubilized by the addition of 36 mM NaOH as described previously (Muller et al. 2007 
Antibiotic susceptibility testing
The resistance of strains to antibiotics was tested by the antibiotic MIC of growth assay; the reported MIC is the lowest concentration of antibiotic inhibiting growth. Briefly, for the MIC assay with PCP, paraquat, 2,4-D and chlordane, 96-well polystyrene plates (Corning Life Sciences, Corning, NY) were set up to include replicate wells (minimum three replicates, maximum eight) of eight concentrations of antibiotics (2-fold serial dilutions) with or without organic contaminant. For MIC assays containing 2,4-DCP and 2,4,6-TCP, glass tubes with Teflonlined caps were used to minimize volatilization. Cells in mid-log phase growth were added to a final concentration of approximately 5 × 10 5 cells mL −1 . Inoculated plates and tubes were incubated at 37
• C without shaking for 18 h, and the optical density was read at 600 nm. Concentrations of those chemicals examined were chosen based on growth screens done in the present study or PCP data from a previous study (Muller et al. 2007) . Concentrations of PCP (1.9-120 μM), 2,4,6-TCP (450 μM) and 2,4-DCP (450 μM) used for MIC assays were in the range observed to upregulate the MexAB-OprM efflux pump (Ghosh et al. 2011) . Since sorption of hydrophobic chemicals to the polystyrene was a concern, sorption of PCP, the most hydrophobic contaminant, was determined by measuring the dissolved concentration in uninoculated LB over time. Only 5-10% of PCP was lost from solution over the course of the experiment and all sorption occurred within five minutes of exposure to the polystyrene plate (data not shown). Therefore, it is assumed that sorption of any other compounds was less than 10% by mass.
Growth rate determination
To examine the effect of chlorinated phenols on P. aeruginosa growth rate, PAO1 was grown in the presence of 24 μg mL
tetracycline, 4 μg mL −1 piperacillin, 8 μg mL −1 chloramphenicol, 0.5 μg mL −1 tobramycin, 0.06 μg mL −1 or 1.2 μg mL −1 of ciprofloxacin, and various chlorinated phenols. Colonies of PAO1 were picked from LB plates and grown overnight at 37
• C in LB broth with shaking without added antibiotics and chlorinated phenols. Overnight cultures were diluted 1:100 and grown without antibiotics and chlorophenols to an optical density at 600 nm (OD 600 ) of 0.4-0.6 (mid-exponential phase) in Mueller Hinton broth. Subsequently, cultures were diluted to a final concentration of approximately 5 × 10 5 cells mL −1 for the growth rate experiment. The antibiotics tetracycline, piperacillin, chloramphenicol and tobramycin were added to their final concentrations at the start of the experiment. For ciprofloxacin, P. aeruginosa was grown in the presence of 0.06 μg mL −1 , which was increased to 1.2 μg mL −1 at OD 600 = 0.45. Each antibiotic treatment either received no chlorophenol or 2 μM or 20 μM of either PCP, triclosan, chloroxylenol or ortho-benzyl-para-chlorophenol. Experiments were set up in triplicate for each chemical combination in 5 mL cultures of Mueller Hinton broth grown at 37
• C with shaking. Growth was monitored by measuring OD 600 using a UVVis spectrophotometer at an interval of 45 min for piperacillin, chloramphenicol and tobramycin, 1 h for ciprofloxacin and 2 h for tetracycline. The growth rate was determined over the linear phase of growth as the change in OD 600 over change in time.
In order to find differences in growth rate in the presence versus the absence of chlorinated phenols, a Student's t-test in Excel was used. A two-tailed distribution was assumed and a twosample unequal sample variance test was performed. P values less than 0.05 are reported as significant.
RESULTS
MexAB-OprM-dependent antibiotic resistance increases in the presence of PCP
To study the effects of PCP on antibiotic resistance, MIC assays were conducted for each strain in both the presence and absence of the chemical so that the impact of the antibiotic could be evaluated using the internal experimental control. The PAO1 and PAO200 strains grow equally well in the absence of any chemical or antibiotic addition (Fig. S1 , Supporting Information). Pseudomonas aeruginosa was grown in PCP-free medium prior to its use in the assay, so any antibiotic resistance was due to upregulation during the time of the assay. A 2-to 8-fold increase in resistance to a variety of different antibiotics was observed for PAO1 in the presence of 120 μM PCP (Table 1) . Colistin, gentamycin and tobramycin were used as negative controls, as they are not effluxed by MexAB-OprM (Masuda et al. 2000) . Furthermore, the mexAB-oprM deletion mutant strain (P. aeruginosa PAO200) did not show any increase in antibiotic resistance (Table S1, Supporting Information), confirming that this pump is involved with the PCP-induced resistance enhancement. To determine the extent of chlorinated phenol-induced antibiotic tolerance in wild-type P. aeruginosa, decreasing concentrations of PCP were also tested. A 2-fold PCP-induced antibiotic resistance was observed at concentrations as low as 1.9 μM (0.5 mg L −1 ) for some antibiotics (Table 2) .
MexAB-OprM-dependent antibiotic resistance increases in the presence of chlorinated phenols
As PCP induced an antibiotic-resistant phenotype in P. aeruginosa, it was hypothesized that other chlorinated organics might cause the same effect. A standard MIC assay was used to test this idea. Just the chlorinated phenols 2,4-DCP and 2,4,6-TCP, excluding other chlorinated organics tested, induced increases in MICs similar to PCP by demonstrating the same MexAB-OprMdependent MDR phenotype (compare Table 3 , top, with Table 2 ). In the presence of these chlorinated phenols, resistance to all tested antibiotics, except gentamycin, increases in the wildtype strain PAO1, but not in the MexAB-OprM mutant, PAO200 (Table 3, top) . MICs done with the non-phenolic chlorinated pesticides 2,4-D, paraquat or chlordane also show an increased tolerance to antibiotics (Table 3 , bottom), again only in the wild-type PAO1 strain, and not the PAO200 mutant strain. In the presence of paraquat or 2,4-D, PAO1 increases resistance to gentamycin; however, paraquat additionally increases resistance to ciprofloxacin and tetracycline, whereas 2,4-D increases resistance to carbenicillin. In the presence of chlordane, PAO1 increases resistance to nalidixic acid. Although the increases are intriguing, antibiotic resistance was not uniformly observed across the spectrum of antibiotics tested that are known substrates of the MexAB-OprM pump. Interestingly, in strain PAO200 lacking the MexAB-OprM pump, decreases in resistance to multiple antibiotics were observed in the presence of 2,4-D and paraquat and to a small extent with chlordane.
Antibiotic tolerance in the presence of chlorophenol-based disinfectants
Since the three chlorinated phenols tested above each induced increases in MIC, it was further hypothesized that chlorophenolbased disinfectants present in the P. aeruginosa growth environment may enhance its survival in the presence of antibiotics. Hospital environments are potential areas where P. aeruginosa is subject to both chlorinated phenols as disinfectants and therapeutic antibiotics. Therefore, the effect of three chlorophenol-based disinfectants (triclosan, chloroxylenol and ortho-benzyl-para-chlorophenol), plus a PCP control, on P. aeruginosa growth in antibiotic supplemented medium (Figs 1 and 2 ) was examined. Five antibiotics belonging to different classes, tetracycline, ciprofloxacin, piperacillin, chloramphenicol and tobramycin, were chosen for this experiment. We looked at two different concentrations of disinfectants, 2 and 20 μM, which cover a range of the recommended and residual disinfectant concentrations for sanitizing in hospitals (Rutala and Weber 2008) and levels recommended by manufacturers in commercially available sanitizers. Neither of these concentrations of the disinfectants influenced the P. aeruginosa PAO1 growth rate in the absence of antibiotics. At the 20 μM concentration level, PCP and triclosan significantly increased (P < 0.05) the growth rate of PAO1 in the presence of tetracycline, piperacillin and chloramphenicol (Fig. 1) . Additionally, 20 μM ortho-benzyl-parachlorophenol significantly increased (P < 0.05) the growth rate of PAO1 in the presence of tetracycline and piperacillin. At the 2 μM concentration level, PCP significantly increased (P < 0.05) the growth rate in the presence of tetracycline, piperacillin and chloramphenicol, while 2 μM OBPX and 2 μM triclosan significantly increased (P < 0.5) growth rates in the presence of just tetracycline or piperacillin, respectively (Fig. 1) . PCP and the disinfectants did not affect the growth rate in the presence of tobramycin, which is not effluxed by MexAB-OprM (Fig. 1) . In the case of ciprofloxacin, high antibiotic supplementation at the start of culturing inhibited growth. Therefore, the experimental design was altered to determine if the chlorinated compounds affected PAO1 survival in the presence of ciprofloxacin. After initial growth in the presence of 0.06 μg mL −1 ciprofloxacin, the concentration of antibiotic was increased to 1.2 μg mL −1 , chlorinated phenols were added and then growth was monitored over time in the presence and absence of the chlorinated compounds. High chlorinated phenol dosing at the three-hour time point was found to delay the reduction in cell density, which presumably correlated with enhanced survival, in the presence of all four chlorinated compounds (Fig. 2) .
DISCUSSION
In this paper, it has been directly demonstrated that exposure to chlorinated phenols and chlorinated phenol-based disinfectants results in a physiological antibiotic-resistant phenotype in P. aeruginosa PAO1. This is relevant when both compounds are present in the environment. The effect of chlorinated chemicals with a broad range of characteristics was examined including chlorinated pesticides 2,4-D, chlordane and paraquat; chlorinated phenols PCP, 2,4-DCP and 2,4,6-TCP; and chlorinated phenol-based disinfectants triclosan, chloroxylenol and orthobenzyl-para-chlorophenol. The chlorinated phenols, including those in disinfectants, were observed to have induced MexABOprM expression leading to an increased antibiotic resistance phenotype for antibiotics capable of being effluxed. While increased resistance to certain antibiotics was observed in the presence of some of the other contaminants such as the chlorinated pesticides, the results broaden our understanding of the mechanism of resistance by demonstrating that only chlorinated phenols are specifically responsible for the MDR phenotype dependent on the presence of MexAB-OprM. Pseudomonas aeruginosa and chlorinated phenols cooccur in several important environments including drinking water and health care facilities. Chlorination is the most common disinfection process used to treat municipal drinking water in the USA, and is increasingly being used in developing countries that are moving toward higher levels of treatment for drinking water. Free chlorine used in drinking water treatment is known to react with phenols of natural organic matter to form byproducts including chlorinated phenols (Hanna et al. 1991) , and chloramination of drinking water can lead to the production of chlorinated phenols (Greyshock and Vikesland 2006) . Pseudomonas aeruginosa can be commonly found within biofilms on the interior of drink- ing water plumbing systems and is therefore exposed to these chlorinated phenols (Wang et al. 2012) . Pseudomonas aeruginosa MDR strains have been shown to survive suboptimal levels of chlorine treatment of drinking and natural waters (Shrivastava et al. 2004) . It has also been reported that nosocomial outbreaks of MDR P. aeruginosa were linked to hospital wastewater systems (Breathnach et al. 2012) . In comparison with urban wastewaters, hospital wastewaters contain increased concentrations of both chlorine and antibiotics (Verlicchi et al. 2010) . The increased antibiotic resistance shown when P. aeruginosa is exposed to chlorinated phenols is a result that has great importance to understanding the survival of MDR P. aeruginosa in health care environments where mixtures of chlorophenols and antibiotics are present.
Chlorophenol-based disinfectants are extensively used in health care facilities where P. aeruginosa causes a variety of nosocomial infections, and, as the Center for Disease Control and Prevention reports, 13% of the 51,000 infections caused each year are MDR (CDC 2013). Our finding that the presence of chlorophenols is conducive to P. aeruginosa survival under antibiotic stress demonstrates the need to further examine disinfection processes used to eliminate nosocomial pathogens such as P. aeruginosa. Triclosan, in particular, is a cause for concern. Triclosan binding to a multidrug efflux pump repressor in Stenotrophomonas maltophilia has been shown to induce antibiotic resistance (Hernández et al. 2011) . Additionally, a recent study reported that low levels of triclosan could enhance Staphylococcus aureus attachment to biological and non-biological surfaces (Syed et al. 2014) . Concern about triclosan use has promoted some regulatory agencies to review its use and manufacturers of personal-care products to replace it with other disinfectants, in some instances. However, the results presented here demonstrate that other chlorophenol-based disinfectants also increase antibiotic tolerance in P. aeruginosa, indicating the need for further study of this and other potential replacement disinfectants. Since P. aeruginosa forms biofilms on a variety of surfaces, and biofilms formed by clinical isolates of P. aeruginosa have been observed to be highly resistant to treatment by biocides (Smith and Hunter 2008) , it would also be interesting to further study if the presence of chlorophenols affects adhesion and biofilm formation.
